Offshore wind technology is rapidly developing and a wind farm can be integrated with off-10 shore power stations. This paper considers as case study a futuristic platform powered by a 11 wind farm and three combined cycle units consisting of a gas turbine and an organic Rankine 12 cycle (ORC) module. The first aim of this paper is to identify the maximum amount of wind 13 power that can be integrated into the system, without compromising the electric grid balance.
Offshore oil and gas facilities use inefficient power systems to supply the energy demand 2 on board. The primary objective of platform operators is to ensure a continuous fuel produc-3 tion with minimum risk of failure for the plant. Gas turbines (GTs) are the leading technology 4 on-board offshore platforms since they offer high reliability, compactness and dynamic flexi-5 bility. On the other hand, the large ratios of the work-to-heat demand impede to adequately use 6 the exhaust energy for heating purposes. Moreover, conservative operational strategies further 7 deteriorate the energy conversion efficiency during part-load activities. 
22
proved a low gain in performance despite the low weight and short pay-back time [7, 36, 5] .
23
Organic Rankine cycle power systems have recently emerged as suitable technology [39, 6] .
24
Favorable design features are the high modularity, compactness and low weight. With ORCs,
25
improvements of the energy conversion efficiency range from 10 % to 20 %, with an additional 26 specific weight of 15 -20 t · MW -1 [38] .
27
Research efforts focuses on integrating wind power in oil and gas facilities. The rapid de- recovers the heat from the exhaust gases of a gas turbine. The SGT-500 gas turbine is consid-7 ered as topping unit. This engine has been widely adopted and commonly installed on offshore electric generator (G1). Natural gas is the fuel used in the combustion chamber (CC). Table 1 13 reports the design-point specifications of the gas turbines as provided by the manufacturer for 14 the C-version lunched in the 80's.
15
The ORC unit comprehends the single-pressure non-reheat once-through boiler (OTB), the tur-16 bine (T), the sea-water cooled shell-and-tube condenser (COND) and the feed-water pump (P).
17
The working fluid is benzene (molecular weight 78.11 g · mol −1 , critical temperature and pres-18 sure 288.9
• C and 49.9 bar). This compound is widely adopted for operating ORC systems in explores the design space, looking for optimal design configurations. Table 2 reports the main   29 parameters assumed for the considered ORC system, according to the described methodology. The combustion chamber (CC) unit is built assuming complete and adiabatic combustion pro- volume. This parameter is set according to the data provided by the gas turbine manufacturer.
1
The pressure drops are lumped in an external device. In off-design conditions, a quadratic de-2 pendence to the volumetric flow rate is assumed. 15% when the load decreases to 10%. Based on these results, the developed gas turbine model 19 is able to reproduce both the steady-state and the dynamic behavior of the components with 20 reasonable accuracy, over the entire range of loads encountered during real operation [37] . rate. The thermal resistance in the radial direction and thermal diffusion in the axial direction are neglected due to the relatively small contribution, as described by Casella et al. [12] . The heat transfer coefficient between the gas and the outer pipe surface is much lower than the one between the inner pipe surface and the ORC working fluid. Therefore, the overall heat transfer is essentially dependent on the flue gas side only.
The heat transfer coefficient at the interface between the flue gas and the metal wall, in offdesign conditions, is evaluated with the relation proposed by Incropera et al.
[20]
where h is the heat transfer coefficient,ṁ the mass flow rate, and the subscript "des" refers to the value at nominal operating conditions. The variable n, taken equal to 0.6, is the exponent of the Reynolds number in the heat transfer correlation. The thermal interaction between the wall and the working fluid is described by specifying a sufficiently high constant heat transfer coefficient.
The turbine is modeled as an equivalent chocked de Laval nozzle. The throat flow passage area is the sum of the throat areas of the nozzles that constitute the first stator row. An isentropic expansion is assumed from the inlet section to the throat, where sonic conditions are attained.
The corresponding system of equations is listed below.
where s in is the specific entropy at the turbine inlet. The subscripts "S,th" and "T,in" indicate static conditions in the throat section and total conditions in the expander inlet section (i.e. total inlet pressure p T,in and total temperature T T,in ), respectively. The specific enthalpy and the speed of sound are named h and c. The variablesṁ, ρ and A th are the mass flow rate through the nozzle, the density and the flow passage area. The throat passage area is a fixed parameter obtained from the design calculation. Equation 2 relates to the mass flow rate and the turbine inlet conditions at part-load. The off-design isentropic efficiency is predicted with the correlation proposed by Schobeiri [42] .
9
The recuperator is modeled by the counter-current connection of 1D ThermoPower modules, much as the once-through boiler, see Figure 4 . The heat transfer on the vapor side dominates.
Therefore, the overall heat transfer coefficient is taken equal to that at the interface between the organic vapor and the metal wall. The overall heat transfer in off-design conditions and the pressure drops are modeled as for the once-through boiler.
The condenser is trivially modeled as a fixed pressure component. This assumption is justified considering the large availability of sea-water. The cooling circuit can thus be controlled in such a way that the condenser pressure is nearly constant. For simplicity, the condensate is assumed to leave the component in saturated conditions (no subcooling) with no pressure losses.
The pump model is based on a head-volume flow curve derived by fitting the data of an existing centrifugal pump designed for similar volumetric flows and heads. The curve, given as a function of φ =ṁ/ρ · ρ des /ṁ des and the rotation speed of the shaft N, is expressed as
where H is the head, b 1 = 2.462, and b 2 = −0.538. The exponential functional form is selected The off-design electric efficiency of the ORC generator is calculated similarly to the gas tur- pander (TIT in Figure 3 ) equal to the design-point value (S P T IT in Figure 3 ). This strategy,
10
currently used in ORC turbogenerators [12] , ensures safe activities by tracking the hottest fluid 11 temperature of the thermodynamic cycle.
12
The model of the ORC system is made of software objects acquired from a library that was de-13 veloped to model a 150 kW ORC turbogenerator using toluene as the working fluid. This was 14 successfully validated for dynamic operation against experimental data [12] . The model of the 15 bottoming cycle unit is, therefore, deemed reliable, considering the similarity of the application 16 at hand with the one presented in the cited reference. 
where V is the wind speed velocity in m·s The wind instantaneous speed and the power production of the wind generator are obtained for 9 one hour, considering a time step equal to 0.02 sand processed as described in Section 4.2. The economic evaluations are based on the net present value (NPV) method. The NPV is 12 calculated considering the equipment lifespan n, the interest factor q, the total investment cost 13 I T OT and the annual income R i . Moreover, M a is a non-dimensional factor that accounts for 14 operating and maintenance costs.
The major sources of annual incomes are associated with the fuel savings and with the avoided CO 2 taxes, respectively named R ng and R CO2 , evaluated as
where c ng is the price of natural gas, v st is the fuel specific volume calculated at 15 In the reliability analysis the reliability of a single component R(t) is defined as the probability that it does not fail in a considered time range t, assuming that it is working at the beginning of that time interval [15] . Generally, R(t) can be calculated using the failure rate λ, as shown in eq. (8) [41] . A parallel system configuration can work as long as not all components of the system fail. Conceptually, in a parallel configuration the total system reliability is higher that the reliability of any single system component. The reliability of a system placed in a parallel configuration R(t) parallel can be evaluated follow eq. (9) [15], where n is the number of installed components. Meanwhile, a series system is a configuration such that, if any one of the system components fail, the entire system fails. Conceptually, a series system is one that is as weak as its weakest link [41] . The reliability of a series system R(t) series is evaluated based on eq. (10), where m is the number of components set in series. Moreover, the failure rate of the entire system is equal to the sum of the components failure rates. Meanwhile eq. (11) evaluates the reliability of a redundant-parallel system consist of l components, supposing a perfect switch between the different conditions [15] .
While a full reliability analysis is out of the scope of this paper, a few simplified considerations 6 wil be done in section 4.1.1 regarding the system reliability, following the existing literature 7 which provides statistical information on the components failure rates. dynamic metric is thus used to identify the maximum wind powerṖ n installable on board.
22
The possible scenarios are:
23
• case 1: one wind turbine installed (Ṗ n = 5 MW),
24
• case 2: two wind turbines installed (Ṗ n = 10 MW),
25
• case 3: three wind turbines installed (Ṗ n = 15 MW).
26 Figure 6 shows the frequency dynamics for the three test cases. The plot reports also the max- The sizing of the wind farm following the methodology described in section 4.1 allows to 22 get an integrated system able to satisfy at each time the required load. Moreover, the power shown in fig. 1 , can be schematically considered as three series of two combined cycle (i.e.
6
the series are combined cycle 1 and 2, combined cycle 2 and 3, combined cycle 1 and 3) set 7 in parallel. The failure rate of each combined cycle λ CC is set equal the gas turbine failure 8 rate. The gas turbine critical failure rate per 10 6 hours is reported in literature between 460 and 9 1700 according to statistical data on real machines [30] . Therefore, considering a low yearly
10
GT failure rate equal to 4.03, the reliability of two gas turbines set in series results equal to 
Plant flexibility

21
This section aims at evaluating the capability of the power system to rapidly adapt to an electric grid with varying production of wind power. Given the results presented in Section 4.1,
23
two wind turbines are connected to the grid. Figure 8 shows the production data of the two The reported data refer to one combined cycle unit in configuration A and to one gas turbine in 17 configuration B.
18
The plot pinpoints that the fluctuations of wind power do not influence the power produced by tuning of the controller, thus improving the system dynamics. Moreover, the reliability of the 1 system in configuration A could be a problem with respect to the system in configuartion B, 2 due its more complexity. These aspects are, however, beyond the scope of the present work.
3
All the presented results suggest that the ORC systems enable decreasing the amplitude of the 4 valve regulation. For the given load change, the response of gas turbines in configuration B 5 is quicker than in configuration A. Therefore, the integrated system in configuration A is less 6 capable to follow the wind fluctuations compared to the plant in configuration B. respect to configuration B when the fuel cost increases. However, in a no-tax scenario or in the 7 case of a low fuel price, configuration B is more attractive, due to the high investment cost of 8 the ORC units. As reported in Figure 15 , increasing the carbon tax price give an opposite trend:
9 the NPV achievable using configuration A are higher than using configuration B also for cheap 10 fuel scenarios.
11
Conclusions
12
This paper presents a dynamic study of a novel offshore power system for oil and gas plat- Sea. A dynamic model of the power system is developed in the Modelica language using com-18 ponent models from validated libraries. The first aim of the paper is the evaluation of maximum 19 allowable wind power for which the stability of the platform electric grid is not compromised.
20
The considered wind turbines have a design capacity of 5 MW and they are sized and modelled 21 on NREL offshore reference generators. While, the second aim of the study is to assess the im- to the installation of the gas turbines alone. Conversely, the waste heat recovery system makes 29 the plant slower due to inertia of the heat transfer equipment. It is advisable to obtain new 30 control systems to tackle this issue and to cope with the extreme need for reliability. Future 1 work will thus focus on the improvement of the gas turbine control system using model-based 2 regulators, e.g., the model predictive control. Moreover, the use of an electric storage system 3 could be a feasible solution to reduce the grid instability and to improve the efficiency of the 4 overall integrated system. for offshore electrical power. Renewable and Sustainable Energy Reviews, 13, 1027-1038. Thermo-economic evaluation of ORC system in off-shore applications. In Proceedings of ASME Turbo Expo Frequency [-] case 1 case 2 case 3 NORSOK limit 
